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Abstract: Magnetorheological elastomer (MRE) is a type of smart material of which mechanical and electrical
properties can be reversibly controlled by the magnetic field. In this study, the influence of the magnetic field
on the surface roughness of MRE was studied by the microscopic modeling method, and the influence of
controllable characteristics of the MRE surface on its friction properties was analyzed by the macroscopic
experimental method. First, on the basis of existing studies, an improved mesoscopic model based on magnetomechanical coupling analysis was proposed. The initial surface morphology of MRE was characterized by the
W–M fractal function, and the change process of the surface microstructures of MRE, induced by the magnetic
interaction between particles, was studied. Then, after analyzing the simulation results, it is found that with the
increase in the magnetic field and decrease in the modulus of rubber matrix, the surface of MRE changes more
significantly, and the best particle volume fraction is within 7.5%–9%. Furthermore, through experimental
observation, it is found that the height of the convex peak on the surface of MRE decreases significantly with
the action of the magnetic field, resulting in a reduction in the surface roughness. Consistent with the simulation
results, a particle volume fraction of 10% corresponds to a maximum change of 14%. Finally, the macroscopic
friction experiment results show that the friction coefficients of MREs with different particle volume fractions
all decrease with the decrease in surface roughness under the magnetic field. When the particle volume fraction
is 10%, the friction coefficient can decrease by 24.7% under a magnetic field of 400 mT, which is consistent with
the trend of surface roughness changes. This shows that the change in surface morphology with the effect of
the magnetic field is an important factor in the control of MRE friction properties by magnetic field.
Keywords: controllable friction; surface roughness; magnetorheological elastomer (MRE); mesoscopic model;
coupled magneto-mechanical analysis; numerical simulation

1

Introduction

Magnetorheological elastomer (MRE) [1, 2] is a new
type of smart material composed of polymer matrix
mixed with micron-sized magnetic particles. The
mechanical and electrical properties of MRE can be
controlled by an external magnetic field. Because of
these adjustable functions, MRE has exhibited advantages over traditional rubber materials in active/semi-

active vibration control, such as in bridges, automotive
vehicles, and engine mounts [3–6]. Thus far, the
controllable stiffness and damping characteristics of
the MRE have been applied in the field of vibration
isolation. As a versatile smart engineering material,
researchers have attempted to apply MRE to new
fields and found that MRE exhibits excellent magnetic
control properties as well as potential for applications
in the fields of noise reduction, smart sensing,
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electromagnetic shielding, and friction regulation [7–11].
In particular, the magnetic control friction characteristics
of MRE provide a new way to actively control the
friction characteristics of materials or devices, promoting
the development of smart instruments and equipment.
MRE is a mixture of metal and viscoelastic matrix.
On the one hand, it provides the possibility for
magnetic field to control friction and reduce wear; on
the other hand, because of the influence of the magnetic
field, its friction mechanism becomes more complex.
Factors such as hardness, elastic modulus, surface
topography, chemistry, vibration, and temperature all
contribute to the complex contact conditions, leading
to a change in the tribological characteristics [12–15].
To explore the magnetically controlled friction characteristics of the MRE under the action of a magnetic
field, Lee et al. [11] independently designed and built a
sliding friction test platform. The friction characteristics
of MRE, which is filled with Fe, Ni, and Co powders,
were tested under magnetic and non-magnetic conditions. The results showed that the friction coefficient
of MRE would change significantly because of the
magnetic field. At the same time, the microstructure
analysis showed that magnetic particles would
accumulate on the surface under the magnetic field.
They argue that the aggregation of these particles
increases the resistance of MRE, changing the friction
and wear properties. Furthermore, the variable friction
characteristics of MRE were described by the same
group [16]. They found that the hardness of all MRE
samples increased to varying degrees after application
of the magnetic field, resulting in a change in the
friction and wear characteristics of MRE. In addition,
Lian et al. [17, 18] have also carried out experiments
to study the effects of some external environmental
factors on the friction characteristics of MRE. The
research shows that vibration, temperature, and relative
humidity all affect the friction characteristics of MRE.
Previous studies have mainly observed and explained
the adjustable friction performance of MRE from the
perspective of macroscopic experiments, and conclude
that the frictional coefficient change of MRE under a
magnetic field was due to the field-stiffening effect.
However, the manner in which the magnetic field
influences the friction coefficient of MREs with different
particle volume fractions has not been studied. All

experiments are carried out under conditions of
magnetic field and no magnetic field, in which the
effect of different magnetic fields on the friction
performance of MRE is not reflected. In terms of
mechanism exploration, the change in the MRE friction
coefficient is explained only from the perspective of
mechanical property change. The consideration of other
influencing factors is lacking, and the mechanism is
still unclear.
Recently, some researchers [19–22] have found that
the surface microstructures of MRE will change under
the influence of the magnetic field, which provides a
new idea for exploring the mechanism of magnetroncontrolled friction of MRE. In previous studies [23],
we found that the surface roughness of MRE would
change under the action of the magnetic field. However,
the observation of MRE surface topography is only
from a two-dimensional perspective; thus, the discussion about which factors affect the change trend
of roughness is not comprehensive. The effect of the
change in surface roughness caused by the magnetic
field on the friction coefficient is unknown.
Therefore, in this study, the changes in surface
morphology and the friction coefficient of MRE under
the external magnetic field are studied using the
methods of microscopic modeling and macroscopic
experiment, and the relationship between the surface
morphology and friction is expounded. The effects
of internal factors (particle volume fraction, matrix
modulus) and external excitation (magnetic field
intensity) on the surface morphology of materials are
discussed. The MRE samples with different volume
fractions are fabricated, and their surface morphology
and friction properties are tested under different
magnetic fields. Finally, according to the theoretical
analysis and experimental results, the effect of surface
morphology on the friction characteristics of MRE is
briefly described.

2

Numerical simulation

Under dry friction conditions, the interface morphology
of materials is one of the main factors affecting
friction performance. Although most of the studies
have observed the surface microstructures of MRE by
experimental methods, it is difficult to observe the
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reasons for the change in surface microstructures and
of which parameters would possibly influence the
change in the surface through just experiments. It is
known that the rubber matrix of MRE is not affected
by the magnetic field. The change in the performance
is mainly attributed by adding magnetic particles.
Therefore, in the following section, we discuss a
theoretical simulation from a microscopic perspective
to investigate the magnetic field inducing the interaction of ferromagnetic particles inside MRE, and
consequently, the change in surface microstructures
of MRE.
2.1 Development of the finite element (FE) model
Based on the actual surface microstructure of the MRE
samples, we proposed a numerical model for isotropic
MRE and assumed that all the magnetic particles
have the same radius and are tightly bonded with the
matrix. Because the magnetic induced deformation
of MRE is usually very slight [24, 25], the matrix is
considered as an incompressible linear elastic material.
The FE model of the isotropic MRE material with
randomly distributed particles in two dimensions is
shown in Fig. 1, where the round points represent the
magnetic particles, and the grey portion is the rubber
matrix.
The number of particles is set to 200, which is
equivalent to a volume fraction of about 10%, and the
diameter of the particles is chosen to be 3 μm. By
varying the particle number, different particle volume

Fig. 1 The two-dimensional FE model of MRE.

fractions can be achieved. Because of the preparation
with an unsmoothed mold, the surface of MRE exhibits
a certain roughness, which can be confirmed by our
previous study [23]. Therefore, the initial surface
microstructure of MRE should be considered in
the study of surface morphology changes under the
magnetic field. The rough surface topography of the
material is commonly described by fractal geometry,
as this is characterized by the properties of continuity,
non-differentiability, scale invariance, and self-affinity
[26]. In the model, the surface profile of MRE is
described by fractal geometry, and its two-dimensional
surface profile height is given by the W–M function
[27]:
n2

y  x   G D 1 

n  n1

cos 2 n x



2  Dn

,1  D  2

(1)

where D is the fractal dimension, which determines
the complexity of the surface profile, G is the fractalscale coefficient, which reflects the amplitudes of the
surface profile,  is a constant (  = 1.5 is typical for
most surfaces), and n is the fractal-scale index.
In this work, parameter Ra is used to represent the
value of the surface roughness. It can be expressed as
follows:
1
Ra 
lcd

lcd


0

y ( x ) dx 

1 n
yi
n
i 1

(2)

where y( x) is the contour height of each point on the
surface profile of MRE, the measuring length is lcd , n
represents the number of measurement points selected
on the surface profile of length lcd , and yi is the contour
height of each measurement point. The roughness
of MRE surface microstructures is determined by
parameters D and G.
Previous experimental studies [23] have shown that
the initial surface roughness of MRE is 2–3 μm. The
width of the rough surfaces to be modeled is limited
to 150 μm, based on Eqs. (1) and (2), and the initial
surface microstructure of the MRE is generated using
300 sampling points, as shown in Fig. 2. The expectation
value of the fractal dimension (D) is 1.58, and the
fractal-scale coefficient (G) is 5.95, while the initial
surface roughness is calculated to be 2.66 μm.
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Fig. 2 The initial surface micro-profile of MRE.

2.2 Coupled magneto-mechanical analysis
In this study, the coupled magneto-mechanical/
displacement analysis was carried out to obtain the
distribution of magnetic field and stress/strain inside
MREs. Because constructing the direct coupling matrix
is difficult, we use the sequential method to solve
the magneto-mechanical coupling problem by using
commercial software COMSOL Multiphysics. The
coupled equations illustrated in matrix representation
are [28]:
[KM ] [0]  [ D1 ] [ f1 ]




 [0] [KS ] [ D2 ] [ f2 ]

(3)

2.3 Numerical results and discussion

where [KM ] and [K S ] are the element matrices of the
magnetic field and stress field respectively, [ D1 ]
and [ D2 ] are displacement matrices, and [ f1 ] and [ f2 ]
are excitation matrices from the two fields.
In the magnetic module, applying a uniform magnetic
field in the y-direction of the model shown in Fig. 1,
and assuming that the magnetic scalar potential
of the bottom surface lab is zero, the magnetic field
intensity acting on the particles along the y-direction is
H, and the rest of the edges are magnetically insulated.
After magnetization, an interaction force is generated
between the particles, which can be described by the
Maxwell stress tensor as follows [29]:


1 2 
σ M  0 HHT  H I 
2



be an elastic isotropic material whose stiffness and
deformation depends on Young’s modulus (E) (nearly
no magnetic effect), Poisson ratio ( ) , and the specific
parameter values listed in Table 1. Equation U  (u, v)
is used to describe the displacement field of the MRE.
The boundary condition is chosen in such a way that
u  0 for boundary lad , and v  0 for boundary lab ,
whereas the remaining boundaries can be moved freely.
Then, the magnetic force obtained in the magnetic
module is applied to the ferromagnetic particle surface
as the boundary loads and surface microstructure
deformation of MRE can be obtained.

(4)

where I represents the second-order unit tensor, and
0 represents the relative magnetic permeability of
particles.
In the solid mechanical module, the ferromagnetic
particles and rubber matrix are both assumed to

Using the magneto-mechanical coupling algorithm, a
series of numerical simulations was carried out, the
magnetic field (H), particle volume fractions ( ) , and
initial rubber matrix modulus ( E0 ) were selected to
investigate their effects on the surface roughness
change in MRE.
The simulation results of the MRE model under
an applied magnetic field of 2.5 T are shown in Fig. 3.
Figure 3(a) gives the results of the magnetic flux density
distribution in the simulation domain. Figure 3(b)
shows the stress field of MRE induced by the magnetic
field. These results illustrate that the magnetized
particles in the matrix would interact with each other
through the magnetic force and create a magneticTable 1

Material properties.
Mechanical property

Magnetic property

Young’s
Poisson’s
modulus (E) ratio ( )

Relative
permeability (  r )

Iron particles

200 GPa

0.29

200

Silicone rubber

0.5 MPa

0.49

1
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Fig. 3 Simulation results of the proposed model: (a) magnetic flux density distribution and (b) stress field.

induced stress in MRE, leading to a minor change in
the distribution of particles in the matrix and causing
the deformation of MRE. The deformations of MRE
extend along the applied magnetic field and shrink in
the direction perpendicular to the magnetic field, which
is consistent with the experimental results of Ref. [30].
After the post-treatment of the simulation results,
the surface profiles of MRE under the magnetic field
is obtained. According to Eq. (2), the surface roughness
of the deformed surface profile is calculated to be
2.41 μm, as shown in Fig. 4.
This demonstrates that the surface of MRE has
changed under a magnetic field, which is mainly due
to the fact that after the application of the magnetic
field, the ferromagnetic particles are immediately

magnetized, creating attractive or repulsive forces
between them, which results in varying degrees of
surface variation. The relative heights of the peaks on
the surface are diminished by the attraction of the
magnetic field. In addition, some particles on the surface
of MRE attract each other, filling up the valleys and
resulting in the surface roughness change, which was
shown in Fig. 5.
According to the above analysis, the interaction
between ferromagnetic particles in MRE under the
action of the magnetic field is the main cause of the
surface changes. Furthermore, the effect of different
particle volume fractions on the surface change will
be explored. The relative roughness change Rar is
used to indicate the degree of surface changes, which

Fig. 4 The new surface micro-profile under the magnetic field is applied on.

Fig. 5 Interaction of ferromagnetic particles with magnetic field.
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can be expressed as: Rar  ( Ram  Ra) / Ra , where Ram
is the roughness under a magnetic field. Because the
elasticity of MRE is weakened gradually with the sharp
increase in the volume fraction of ferromagnetic
particles, MRE has an upper limit on the ferromagnetic
particle volume fraction, which is usually not greater
than 20%.
Figure 6 shows the simulation results of the relative
roughness changes as a function of the particle volume
fractions. It can be seen that the surface roughness of
MRE with different particle volume fractions changes
after the magnetic field is applied.
Based on the simulation results in Fig. 6, the surface
change of MRE with particle volume fraction is divided
into three stages. In stage I, the particle volume fraction
is small, and the interaction between them is weak,
which leads to a low degree of surface change. In stage
II, with the increase in the particle volume fraction,
the interaction between particles becomes stronger
under the same magnetic field, and the surface change
is more significant. It is worth noting that when the
particle volume fraction is within 7.5%–9%, Rar can
have a maximum absolute value. In stage III, the
particle content continues to increase, but the degree
of surface change is slightly decreased. It is considered
that the increase in particle content can increase the
interaction force between particles; however, it also
increases the modulus of MRE and leads to a more
difficult deformation. Therefore, it is inferred that
the change in surface morphology with the particle
volume fraction is a balance between the interaction

force and the modulus change caused by the increase
in particles.
The MRE model with particle volume fraction of
9% is selected. By applying different magnetic fields,
the influence of magnetic field intensity on the surface
roughness of MRE is further explored. The simulation
results are shown in Fig. 7.
The results show that the surface roughness of
MRE changes significantly from an initial roughness
of 2.42–2.66 μm when the applied magnetic field
strength reaches 1.25 T (Fig. 7). However, as the
magnetic field further increases, the surface roughness
of MRE will undergo little change. This phenomenon
is related to the magnetization characteristics of
magnetic particles. As the magnetization of the particles
gradually reaches saturation, the increase in the
magnetic field does not continue to produce significant
changes.
The matrix modulus is an important factor that
affects the mechanical properties of materials. The
MRE prepared from different rubber materials has a
different initial modulus, which may lead to different
deformations on the surface under the same magnetic
field. The relationship between the matrix modulus
and the change in the surface microstructure under
the same magnetic field is investigated by changing
the matrix modulus. The simulation results are shown
in Fig. 8, which illustrate that the relative variation in
the surface roughness decreases with the increase in
the modulus of the rubber matrix. The reason is that
with the increase in the modulus of the rubber matrix,

Fig. 6 Magnetic induced relative roughness Rar with particle
volume fraction.

Fig. 7 Surface roughness of MREs change with magnetic field
strength.
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Fig. 8 Field-induced surface roughness of MREs as a function
of matrix modulus for different particle volume fractions of 5%,
10%, 15%, and 20%.

its ability to resist deformation increases, resulting in
a decrease in the degree of surface deformation.
Through the FE, we analyzed the interaction between
the ferromagnetic particles and between the particles
and the rubber matrix from a microscopic point of
view. We also explained the reason for the change in
surface roughness. It is found that the particle volume
fraction, the magnetic field strength, and the initial
modulus of the matrix affect the change in the surface
roughness.

3

Materials and experiment study

On the basis of numerical analysis, the surface
topography of MRE under a magnetic field is further
scanned by the white light interferometer. At the same
time, a sliding friction experimental platform is built
to explore how the surface changes affect the tribological
characteristics of MRE.
3.1

Preparation of the MRE samples

The materials used to fabricate the isotropic MRE
samples include the carbon iron particle (Beijing
Xing Rong Yuan Technology Co., Ltd., China) whose
diameter is 5 μm and silicon rubber (HT-18; Shanghai
Tongshuai Co., Ltd., China), which is made up of
part A and part B with a mass ratio of 10:1. We also
used polydimethylsiloxane (PDMS; 50 cp two methyl
silicone oil; Dow Corning, USA) as a diluting agent

and KH570 as a silane coupling agent. Before the
fabrication, we first diluted Part A of the silicone rubber
using a diluting agent; then we pre-treated the carbon
iron particles (referred to as CIPs) using KH570 to
help the CIPs bond tightly with silicone rubber. After
the pre-treatment, we mixed the CIPs and Part A, and
dispersed them by ultrasonic radiation. Then, we mixed
them with silicone rubber Part B, followed by degassing
the mixture in a vacuum and transferring the mixture
into a mold to form a typical sample. In this study,
MREs with particle volume fractions of 5%, 10%, 15%,
and 20% are prepared. The materials used in the
experiment are shown in Table 2, and the preparation
process is shown in Fig. 9.
The internal structure of the prepared isotropic MRE
sample is observed by scanning electron microscopy
(SEM), which is illustrated in Fig. 10. It can be clearly
seen that the ferromagnetic particles are spherical
and randomly distributed in the rubber matrix.
3.2

The surface observation experiment

To observe the surface microstructure changes of
the MRE under a magnetic field, a white light interference experiment system is developed as shown
in Fig. 11. A white light interferometer (Counter GT-K)
is applied to obtain the three-dimensional surface
morphology of MRE samples, including surface
topography, roughness, peaks, and valleys. A magnetic
field generator, which can produce different magnetic
field strengths at the observing interface, is installed
right below the MRE when taking the image pictures.
A PC is connected to the white light interferometer to
store and process the image data.
In the experimental process, the samples are placed
on the center of the magnetic field generator. They are
first observed without the magnetic field, and then the
surface is pictured under a magnetic field. Because of
Table 2

Compositions of MRE samples.

Test
sample

Isotropic
MRE

Particle
volume
fraction

Part A of
the rubber
matrix (g)

Part B of
the rubber
matrix (g)

5%

40

4

15.149

10%

40

4

31.981

15%

40

4

50.794

20%

40

4

71.958

CIPs (g)
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Fig. 9 The preparation process of MRE samples.

the high magnification of the white light interferometer,
its field of view is limited. Therefore, during the
observation process, multiple different positions on
the surface of the MRE sample are selected for scanning,
so as to avoid accidental results in the experiment.
Figure 12 shows the morphology of MRE whose
volume fraction is 10% with and without a magnetic
field.
Figure 12(a) shows the initial surface of prepared
MRE samples is not smooth. There are many red
convex peaks and blue concave valleys distributed on
the surface. After application of the magnetic field,
the peaks were significantly reduced, as shown
in Fig. 12(b). A two-dimensional profile of a threedimensional surface is selected for observation, as
shown in Fig. 12(c), which shows that the surface
morphology of MRE changes significantly under the
influence of magnetic field. Furthermore, the scanning
results of MREs with different particle volume fractions
under a magnetic field strength of 500 mT are analyzed
and processed, and the average surface roughness Ra
is obtained, as shown in Fig. 13.
As can be seen from Fig. 13, the surface roughness
of all MREs decreases after applying magnetic field,
which is consistent with the results of numerical
analysis. When the volume particle volume fraction
is 10%, the surface roughness change of MRE is the
largest, at approximately 14.6%.
3.3

Fig. 10 (a) SEM micrograph of the MRE sample and (b) the
microstructure of CIPs.

Fig. 11 Schematic of the white light interference experiment
system.

The sliding friction experiment

In the previous section, both theoretical analysis and
microscopic experimental observations show that
the surface microstructure of MRE changes regularly
under the action of magnetic field. Furthermore,
we verify the effect of surface changes on friction
performance through macroscopic friction tests. The
tribological properties of MRE samples with different
particle volume fractions are tested under different
magnetic field conditions, while maintaining external
factors, such as temperature and relative humidity,
unchanged. A sliding friction test platform is designed
and built, as shown in Fig. 14.
The experimental platform is mainly composed of
a stepping motor, a linear guide, a pull pressure
sensor, a magnetic field application device, and a
base. During the experiment, a constant normal
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Fig. 12 White light interferometer test results of a typical MRE: (a) without magnetic field, (b) with magnetic field (500 mT), and (c)
change of two-dimensional contour.

Fig. 13 The surface roughness of MRE with/without magnetic
field.

pressure is provided by the copper block. The stepping
motor ensures a uniform linear motion of the friction
pairs during the friction test, with a uniform velocity
of motion of 0.01 mm/s and a movement time of 180 s.
The pressure sensor is used to measure the friction
force with/without the magnetic field. The friction
coefficient is obtained using the formula f  F / N ,
where F is the friction force and N is the normal
pressure. Each experiment is repeated three times,
and the results are averaged over three experiments.

We have carried out experimental tests on a variety
of MRE samples. Figure 15 shows the variation of
the friction performance of the MRE samples under
a different magnetic field, with the particle volume
fractions of 5%, 10%, 15%, and 20% of which the
normal force is 1.97 N.
As can be seen from Fig. 15, the curve of friction
force changing with time during the testing process.
The results show that the friction force on the MRE
surface decreases significantly after the magnetic field
is applied, and the decreasing trend becomes more
and more significant with the increase in the magnetic
field, which indicates that the magnetic field has an
effect on the friction properties of MRE. Moreover,
the average friction coefficients of each component
MRE under different magnetic field conditions are
obtained through Coulomb theory, and the statistical
results are shown in Fig. 16.
Figure 16 shows that when the other external factors
remain unchanged, the MRE friction coefficient
decreases with the variation in the magnetic field
under the same pressure, which is consistent with the
change trend of surface roughness under the effect of
the magnetic field. When the particle volume fraction
is 10%, the magnetic field intensity is 400 mT, and the
range of the adjustable friction coefficient of MRE is
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Fig. 14 The schematic and the real photo of the friction test platform: (a) the schematic and (b) the real photo.

Fig. 15 The curves of friction with time: (a) 5%, (b) 10%, (c) 15%, and (d) 20%.

Fig. 16 Frictional coefficient of MRE with different volume
fractions under different magnetic fields.

the largest, which is 24.7%. This coincides with the
theoretical simulation analysis of Section 2 that when
the volume fraction is within 7.5%–9%, the relative
change rate is the most significant. At the same time,
the white light interference experiment from Section 3
also shows that the surface roughness of MRE
decreases most when the particle volume fraction is
about 10%. Therefore, it is evident that the change in
the surface roughness is an important factor that leads
to the change in the friction properties of the MRE
friction properties. By adjusting the change in surface
roughness under the action of a magnetic field, the
friction properties of MRE can be effectively regulated.
In addition to the surface morphology of MRE
under a magnetic field, its mechanical properties will
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also change. Whether the magnetic-controlled friction
characteristics of MRE are affected by the coupling of
multiple factors will be further explored.

performance, which provides a new method for the
friction control of MRE.
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In this study, it is verified that the change in the surface
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important factor, leading to the change in friction
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